Although UV-induced TiO 2 photocatalysis involves the generation of several reactive oxygen species (ROS), the formation of hydroxyl radicals is generally associated with the degradation of persistent organic contaminants in water. In this study, a variety of radical scavengers were employed to discriminate the roles of different ROS during visible light-activated (VLA) photocatalysis using nitrogen and fluorine doped TiO 2 (NF-TiO 2 ) in the degradation of the hepatotoxin, microcystin-LR (MC-LR) in water. The addition of hydroxyl radical scavengers, methanol and tert-butyl alcohol to the reaction mixture resulted in negligible inhibition of NF-TiO 2 photocatalytic degradation of MC-LR at pH 3.0 and only partial inhibition at pH 5.7 under visible light. While hydroxyl radicals (
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Although UV-induced TiO 2 photocatalysis involves the generation of several reactive oxygen species (ROS), the formation of hydroxyl radicals is generally associated with the degradation of persistent organic contaminants in water. In this study, a variety of radical scavengers were employed to discriminate the roles of different ROS during visible light-activated (VLA) photocatalysis using nitrogen and fluorine doped TiO 2 (NF-TiO 2 ) in the degradation of the hepatotoxin, microcystin-LR (MC-LR) in water. The addition of hydroxyl radical scavengers, methanol and tert-butyl alcohol to the reaction mixture resulted in negligible inhibition of NF-TiO 2 photocatalytic degradation of MC-LR at pH 3.0 and only partial inhibition at pH 5.7 under visible light. While hydroxyl radicals (
• OH) generally play the primary role in UV-TiO 2 photocatalysis, the minimal influence of MeOH and t-BuOH on the degradation process under these experimental conditions indicates that
• OH are not crucial in VLA NF-TiO 2 photocatalysis. However, strong inhibition was observed in VLA NF-TiO 2 photocatalytic degradation of MC-LR in the presence of superoxide dismutase, benzoquinone and catalase at pH 3.0 and 5.7 indicating that O 2
•− and H 2 O 2 play critical roles in the degradation process. Similar degradation rates were observed in the presence of deuterium oxide, which enhances singlet oxygen mediated processes further suggesting singlet oxygen is not a key species in the degradation of MC-LR. Formic acid and cupric nitrate were added to probe the roles of the valence band holes and conduction band electrons, respectively. Under UV-vis light irradiation, almost complete inhibition of MC-LR removal is observed with NF-TiO 2 in the presence of
• OH scavengers at pH 5.7. These results demonstrate that the solution pH plays a major role in the formation and reactivity of ROS during VLA NF-TiO 2 photocatalysis. The adsorption strength of scavengers and MC-LR onto NF-TiO 2 as well as the speciation of ROS as a function of pH needs to be carefully considered since they also play a major role in the efficiency of the process. These results indicate that the reduction of molecular oxygen by photo-generated electrons rather than hydroxyl radicals produced by oxidative reactions of photo-generated holes is the key factor in the VLA NF-TiO 2 photocatalytic degradation of MC-LR.
© 2016 Elsevier B.V. All rights reserved.
Introduction
The primary electronic processes in TiO 2 photocatalysis under UV irradiation involve the absorption of a photon with energy superoxide radical anions (O 2
•− ). O 2 •− may further react to form singlet oxygen and hydrogen peroxide, the latter producing • OH as well [1] . Interfacial charge transfer from the photogenerated electron/holes to acceptor/donor species at the surface competes with charge recombination at surface trapping sites or in the bulk of TiO 2 . Recombination of the electron/hole pair results in loss of adsorbed photonic energy with release of heat by non-radiative decay processes. The generation of ROS by TiO 2 photocatalysis upon illumination by UV light along with its environmentally benign properties (i.e. non-toxicity, absence of dissolution in water, photostability) and relatively low cost, render TiO 2 photocatalysis a more favorable process for the remediation of recalcitrant organic pollutants in water and air as well as for killing pathogenic microorganisms [2] [3] [4] . Despite the marked progress in TiO 2 photocatalytic materials, their practical application is challenged by two inherent limitations of TiO 2 : 1) the low quantum yield i.e., the ratio of reactant molecules destroyed or the product molecules formed during the photocatalytic reaction to the quantity of absorbed photons at a given wavelength [1] , which is primarily determined by the recombination of photogenerated charge carriers, and 2) the relatively poor solar light harvesting that is limited by the wide band gap of TiO 2 in the UVA spectral range. Both factors undermine the photocatalytic efficiency of TiO 2 and its enormous potential as an essential "green" technology for the destruction of noxious organic compounds in water and air under solar excitation. The modification and further development of TiO 2 -based photocatalytic technology towards visible light activation will provide an opportunity to develop nanocatalysts that can absorb both UV (280-400 nm) and visible (400-700 nm) radiation to enhance the overall process efficiency and employ solar light as a renewable source of energy. Visible light activation of TiO 2 employing various approaches such as photosensitization with dyes, modification with metal and non-metal atoms and coupling with narrow band gap semiconductors are areas actively being pursued [5] [6] [7] [8] [9] . Nevertheless, the photocatalytic degradation mechanisms associated with visible light-activated (VLA) TiO 2 photocatalysis are still ambiguous and the formation as well as the role of different ROS remains unclear.
In dye-sensitized TiO 2 photocatalysis, the dye absorbs visible light instead of TiO 2 and becomes photo-excited [6] . The electrons from the excited dye molecule are subsequently transferred into the conduction band of TiO 2 and react with molecular oxygen to produce ROS. Recent work by Diaz-Uribe et al., suggests the formation of O 2
•− with tetra (4-carboxyphenyl) porphyrin sensitized TiO 2 but no singlet oxygen was detected using electron paramagnetic resonance (EPR); even though the possibility was not excluded completely [10] . Goldstein et al., concluded that oxidation of methanol was governed by the generation of surface holes followed by organic radical-based attack in carbon doped TiO 2 photocatalysis under VLA [11] . Based on EPR studies using spin traps, Fu et al., provided evidence that • OH and O 2 •− were responsible for the photodegradation of 4-CP by VLA activated nitrogen-doped TiO 2 (N-TiO 2 ) nanoparticles [12] . For nitrogen and sulfur-doped TiO 2 nanoparticles, EPR spin trapping studies suggest O 2 •− and singlet oxygen were formed upon visible light illumination and were responsible for the inactivation of Escherichia coli in water [13] . A chemiluminescence technique quantified an increase of singlet oxygen production when using a composite TiO 2 /N-TiO 2 photocatalyst under visible light irradiation for NO x decomposition compared to N-TiO 2 only. As for TiO 2 , the characteristic 1268 nm emission of singlet oxygen was not detected upon visible light irradiation [14] . Recent developments and insights in this field highlight the need to further develop and understand the mechanisms underlying the reactivity of VLA photo-catalysts for environmental remediation [15, 16] . Therefore, the main objective of this study was to elucidate the formation of ROS with a visible light-activated TiO 2 photocatalyst using selected chemical probe scavengers that are specific for
•− , singlet oxygen and the photogenerated electron-hole pairs. NF-TiO 2 has been successfully synthesized, characterized and evaluated for its photocatalytic activity under visible light [17, 18] . The use of scavengers will contribute to a better understanding of the photocatalytic mechanism of NF-TiO 2 towards the degradation of the cyanobacterial toxin microcystin-LR (MC-LR). MC-LR is a highly toxic and persistent cyanotoxin commonly detected in cyanobacterial harmful algae blooms in surface water [19, 20] . The presence of these toxins in recreational water bodies and drinking water sources is a serious concern to the environmental and health authorities because of the significant health risk to humans and the environment.
Materials and methods

Chemicals and NF-TiO 2 synthesis
Methanol (MeOH, Tedia) and tert-butyl alcohol (TBA, Fisher) were used as hydroxyl radical scavengers. D 2 O is used to prolong the lifetime of singlet oxygen. For the inhibition of superoxide radical anion, 1,4-benzoquinone (98%, Sigma Aldrich) and superoxide dismutase (SOD, Sigma Aldrich) from Escherichia coli (manganesecontaining enzyme, lyophilized, activity ≥1000 units/mg protein) were employed. The electron and hole pair were scavenged with cupric nitrate (Fisher) and formic acid (88% Fisher), respectively. The nitrate salt of Cu 2+ was used since adsorption of the nitrate anions onto TiO 2 's surface is weak. Catalase from bovine liver was obtained from Sigma Aldrich and used as H 2 O 2 inhibitor. l-histidine (98%, Acros Organics) was used during UV irradiation to scavenge singlet oxygen and hydroxyl radicals. Nitric acid was used to adjust the pH at 3.0 in experiments dealing with acidic pH. Finally, MC-LR standard (dry solid, 500 g) was obtained from Calbiochem. The nanotechnological approach for the synthesis of NF-TiO 2 consisted of a nonionic fluorosurfactant as pore template and fluorine dopant and ethylenediamine as nitrogen dopant, as previously described in detail in [17] . The resulting nanoparticles exhibited high BET surface area (141 m 2 /g), high porosity (49%), small crystallite size (8.7 nm) with nitrogen and fluorine content of 1.5% and 4.9%, respectively [17] .
Scavenger experiments
A borosilicate petri dish was used as reactor and MilliQ-grade water was adjusted to the desired pH and a specific scavenger was added into solution to obtain an initial concentration of 5000 M except for SOD and catalase, where 2 M and 10 M were employed (see Table 1 for selected scavengers). The solution was then spiked with an aliquot of MC-LR standard to reach an initial concentration of 500 ± 10 g L −1 , which is equivalent to 0.5 ± 0.1 M. Separately, an aqueous NF-TiO 2 suspension was prepared, sonicated and transferred to the reactor to achieve an initial concentration of 0.5 g L −1 and a final volume of 10 ml. The reactor was sealed with parafilm and mixed continuously during the photocatalytic reaction under visible light irradiation. To obtain visible light irradiation only, a UV block filter (UV420, Opticology) was mounted below two 15 W fluorescent lamps (Cole-Parmer) to eliminate photons below 420 nm. Samples were taken at specific periods of time and the samples were quenched with methanol, filtered (L815, Whatman) to remove the suspended nanoparticles, transferred to 0.2 ml glass inserts and placed in sample vials. MC-LR samples were analyzed by liquid chromatography (LC, Agilent Series 1100). The analytical conditions were similar to those reported by Antoniou et al., [20] but the column employed was a C 18 Discovery (Supelco) column (150 × 2.1 mm, 5.0 m particle size). The flow rate was 0.2 ml/min, the injection volume was 20 l and the column temperature was 40 • C.
Results and discussion
• OH scavengers
To probe the role of hydroxyl radical in the photocatalytic degradation of MC-LR by VLA NF-TiO 2, a number of experiments were conducted in the absence and presence of methanol or TBA at pH 3.0 and 5.7 (see Fig. 1a and b). Methanol and TBA react rapidly with hydroxyl radical and have been used extensively as • OH scavengers to determine the presence and role of hydroxyl radicals in TiO 2 photocatalysis under UV light. The addition of methanol and TBA dramatically reduces the degradation rate of the targeted contaminants by conventional UV TiO 2 photocatalysis indicating that • OH mediated oxidation processes are the predominant pathways leading to degradation under UV irradiation [21] . The solution pH influences the overall charge on the catalyst surface and the speciation of the ionizable functional groups present in MC-LR. The surface charge and specific functional groups can lead to repulsive or attractive interaction between MC-LR and the catalyst surface. Under modest acidic conditions the catalyst surface will be positive (NF-TiO 2 point of zero charge is 6.4 [17] ), while the carboxylate group will be negative down to approximately pH 4 and thus a strong electrostatic attraction is expected to enhance adsorption of MC-LR in this pH range. The hydrophobic character of MC-LR also increases with solution acidity, which may also contribute to increased adsorption and degradation under acidic conditions. The addition of 5 mM of methanol or TBA did not lead to significant inhibition of the degradation of MC-LR by VLA NF-TiO 2 photocatalysis at pH 3.0, as illustrated in Fig. 1a . The absence of inhibition in the presence of these scavengers suggests the minor role of • OH in the degradation of MC-LR under these experimental conditions. At higher pH of 5.7, partial inhibition was observed for the degradation of MC-LR in the presence of methanol and TBA. The adsorption of MC-LR onto the photocatalyst decreased as pH increased from 3.0 to 5.7 [18] . As mentioned before, MC-LR is quite hydrophobic at pH 3.0, which can enhance adsorption, while methanol and TBA may not compete with the ROS formed. With increasing pH, the adsorption of MeOH and TBA may also increase leading to lower adsorption levels for MC-LR and thus effectively reduce its degradation. Thus, methanol or TBA can adsorb to a higher extent on the surface of NF-TiO 2 . Given the high relative concentrations of scavengers and decreased adsorption of MC-LR with increasing pH these conditions may lead to the blocking of the photocatalytically active sites of NF-TiO 2 and/or partial suppression of the formation of the ROS, resulting in slower MC-LR degradation. The pKa of superoxide radical anion is 4.6, which lies between 3.0 and 5.7 and this can have a pronounced effect on the subsequent chemistry of the radical. For instance, negatively charged superoxide radical anion may remain at a positively charged surface and thus inhibit disproportionation, while facilitating other pathways with singlet oxygen production.
It is well known that when unmodified anatase TiO 2 is subject to UV irradiation, the primary formation route of • OH is based on the oxidation of OH − or water at the TiO 2 surface through the highly oxidizing and delocalized h + VB that migrate to the catalyst surface [1, 3, 4] . Also, the formation of H 2 O 2 (that occurs upon the reduction of molecular oxygen acting as an electron acceptor) can also generate • OH via homolytic scission in a secondary reaction pathway [1] although it is highly influenced by pH. In the case of non-metal doped TiO 2 , in particular nitrogendoped TiO 2 , it has been proposed that the introduction of single N hetero-atoms in the TiO 2 lattice (substitutional or interstitial) induces localized electronic states within the titania band gap and selectively promotes electrons from these states to the conduction band upon visible light irradiation [22] . Under this condition, the photogenerated holes in the localized intra-gap energy states may not have a positive enough electrochemical reduction potential to generate hydroxyl radicals at the catalyst surface from oxidation of absorbed water or hydroxyl groups. However, the formation of • OH radicals through the reaction of photoinduced e − and/or O 2
• Wang et al., [21] reported that the degradation rate of methyl orange by visible light photocatalysis using nitrogen-doped titania nanobelts was not inhibited in the presence of methanol. The authors suggested that, the generation of electrons and O 2
•− was the rate limiting step for visible light N-doped TiO 2 photocatalysis. Mrowetz et al., [25] showed that N-doped [28] . If hydroxyl radicals were the primary species leading to the degradation of MC-LR during VLA NF-TiO 2 photocatalysis, addition of TBA or methanol should inhibit the degradation. The minimal level of inhibition observed upon addition of hydroxyl radical indicates that the hydroxyl-radical-based oxidation pathway does not play a significant role in the degradation of MC-LR with NF-TiO 2 under visible light irradiation (at the conditions tested) although the • OH formation can undergo multistep process through reduction of molecular oxygen to O 2 •− , disproportionation to H 2 O 2 and subsequent reduction to • OH.
O 2
•− scavengers SOD and 1,4-benzoquinone were used as scavengers to probe the formation and role of O 2
•− during VLA NF-TiO 2 photocatalysis. The inhibition of MC-LR degradation increases with increasing SOD from 2 to 10 M at pH 3.0, as illustrated in Fig. 2a (Fig. 2b ). Higher inhibition with SOD and catalase was also observed at pH 5.7 compared to pH 3.0. The pKa of 1,4-benzoquinone is 9.9 and 11.4 [29] so at both pH values the interaction with NF-TiO 2 was low. The isoelectric point of SOD occurs at pH 5.0 [30] and thus in solution pH above 5.0, SOD has an overall negative charge, which may enhance interaction with the positively charged surface of NF-TiO 2 at pH 5.7. In addition, the pKa for superoxide is 4.6. Thus, the neutral form is dominant (HO 2 • )
at pH below 4.6, whereas the anionic form (O 2 •− ) is favored above pH 4.6. The reduction potential of conduction band electrons in NFTiO 2 is considered equivalent to that of undoped TiO 2 [13, 31] and capable of reducing molecular oxygen at the surface of the catalyst to O 2
•− under visible light irradiation. The superoxide radical •− could also be further oxidized by holes to form singlet oxygen [13] . The production of O 2 •− has been detected using EPR during VLA N-TiO 2 photocatalysis [22] . According to recent EPR analysis [33] , NF-TiO 2 comprises similar paramagnetic N-states to those of N-TiO 2 [22] , with concentrations increasing dramatically upon visible light illumination, verifying the formation of localized intra-gap states above the valence band of TiO 2 . These results indicate that the conduction band electrons excited from localized N-states by visible light in NF-TiO 2 can yield O 2 •− via electron transfer to surface adsorbed O 2 .
Prolonging 1 O 2 lifetime
To further explore the role of singlet oxygen in VLA NF- However, photogenerated holes are expected to remain localized in intra-gap energy states after charge separation in N-TiO 2 [22] , which would limit the interaction with O 2 •− and the probability for the formation of singlet oxygen.
e − and h + scavengers
In order to determine the involvement of e − CB and h + in NF-TiO 2 photocatalysis under visible light, cupric nitrate and formic acid were used as e − CB and h + scavengers, respectively. Rengaraj and Li employed formic acid as a hole scavenger to enhance the photocatalytic reduction reaction of Bi 3+ -doped TiO 2 under UV light [35] . It can also inhibit the process by reacting with hydroxyl radicals and by competing with MC-LR for adsorption at the surface sites where ROS are produced. The inhibition of MC-LR in the presence of each scavenger is shown in Fig. 4a and 4b and compared to the control at pH 3.0 and 5.7. Under both pH values, partial inhibition of MC-LR degradation was observed. For Cu 2+ , the adsorption of the transition metal onto NF-TiO 2 decreased the reduction of oxygen by conduction electrons and partially inhibited the formation of ROS and the removal of MC-LR. Chen et al., observed a hindering effect of Cu 2+ ions on the photodegradation of three dyes using TiO 2 dispersions under visible light irradiation. The formation of ROS was blocked, based on EPR analysis, indicating that the adsorbed ions can alter the electron-transfer pathway and suppress the degradation of the dye [36] . Moreover, it is known that Cu 2+ can be reduced by superoxide radical anion [37] . The competition for superoxide radical anions between Cu 2+ and MC-LR can lead to a reduction in the oxidation of the cyanotoxin. The addition of formic acid at pH 3.0 and buffered pH 5.7 is anticipated to prolong the lifetime of electrons and consequently produce more O 2
•− , however inhibition of the photo-oxidation process was observed. VLA NF-TiO 2 photocatalysis does not generate a valence band hole that can lead to the formation of • OH. Therefore, the partial inhibition may result from the competition for adsorption between MC-LR and formic acid (pKa of 3.7) since formic acid can also interact with • OH with rate constants k HA of 1.3 × 10 8 M −1 s −1 and k A-of 3.2 × 10 9 M −1 s −1 [38] but high degradation of MC-LR was still observed indicating a lack of interaction with any potentially available • OH. Scheme 1 shows the proposed mechanism of NF-TiO 2 photoactivation under visible light. Based on the findings obtained in this investigation, the mechanism of ROS formation for the synthesized photocatalyst under visible light is inferred to proceed via the reduction of molecular oxygen by visible light-excited electrons leading to the generation of superoxide radical anions and the intermediates formed and not via the generation of hydroxyl radicals by h + in the localized N-centers of NF-TiO 2 . Superoxide is critical to the degradation process through disproportionation to H 2 O 2 and the formation of HO • . The production of HO • under VLA is relatively slow and in low yield, but localized at the sur- face where adsorbates (such as MC-LR) are degraded. Adsorption strength plays a key role in the efficiency of the process.
3.5.
• OH formation under UV-vis irradiation Fig. 5 shows the photocatalytic degradation of MC-LR under UV-vis irradiation in the absence and presence of MeOH and lhistidine. Significantly faster removal of MC-LR was obtained with NF-TiO 2 under UV-vis irradiation as compared to visible light only irradiation at pH 5.7. In this case, the UV-vis source emitted UV radiation with relatively high intensity peaks at 310 and 365 nm [15] . The photoactivation of NF-TiO 2 with UV irradiation contributed to the enhanced performance of the photocatalyst towards the degradation of MC-LR. The possible generation of • OH under UV-vis irradiation with NF-TiO 2 could be responsible for this enhancement. In this case, high inhibition with MeOH and l-histidine was observed at pH 5.7. l-histidine is known to be a quencher for both 1 O 2 and • OH with a pKa of 6.04 [39] . The second order rate constant of l-histidine with • OH is 5.0 × 10 9 . Contrary to the results obtained under visible light, high inhibition of MC-LR was obtained in the presence of both scavengers. This indicates the generation of hydroxyl radicals as the primary reactive oxygen species with NF-TiO 2 under UV-vis irradiation. These results correlate well with our previous study using photoelectrochemistry to probe the mechanism in N,F-TiO 2 under UV and visible irradiation [40] . In that study, a small photocurrent under visible light excitation was observed, but there was an observable negative shift in the open circuit photopotential, which correlated well to the optical absorbance of the materials. The open circuit photopotential was less negative in the presence of oxygen, where some of the photoexcited electrons react with molecular oxygen to form superoxide radical anion and other ROS. There was a small increase in the visible light photocurrent in the presence of potassium superoxide, which provides some evidence for superoxide oxidation by inter-band gap holes to form singlet oxygen.
Conclusions
In this study, the mechanism of NF-TiO 2 When employing UV-vis irradiation, it was found that • OH is the primary ROS formed with NF-TiO 2 due to the high inhibition on the degradation of MC-LR with methanol and l-histidine, two • OH scavengers, at pH 5.7. Overall, pH plays a major role in the ROS formation during NF-TiO 2 photocatalysis under visible light for the degradation of MC-LR. The affinity of the scavenger with NF-TiO 2 and MC-LR as well as the disproportionation of the ROS needs consideration. Nevertheless, the results indicate that on NF-TiO 2 under visible light the ROS are generated via the oxygen reduction pathway driven by conduction band electrons, and the formation of hydroxyl radicals by valence band holes or holes in the mid-gap state does not play a significant role. This study provides essential information for understanding and improving the detailed reaction mechanism underlying the photocatalytic activity of NF-TiO 2 under visible and solar irradiation in the degradation of cyanotoxins and other contaminants of emerging concern in water.
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